Summary. The redox-sensitive fission product technetium-99 has been investigated in systems containing different reducing solid phases (pyrite, magnetite, ironsulphide and Gorleben sand) on the one hand and Gorleben groundwater, which contains a high amount of humic substances, on the other hand. Initially, technetium-99 was added to these systems as pertechnetate (Tc(VII)), which was reduced in presence and absence of humic substances with the aid of the different reducing surfaces (neutral to alkaline pH). Both in absence and presence of humic substances, Tc concentrations were observed which exceeded the TcO 2 solubility limit, whereby the presence of humic substances had a 100 fold higher Tc concentration compared to its absence. Using the La-precipitation method, it was shown that Tc(IV) inorganic colloids and organic colloids were quantitatively precipitated. It was demonstrated for the first time by a combination of chemical speciation methods (La-precipitation method and gel permeation chromatography) and XANES spectroscopy of the humic substance containing supernatant solutions, that Tc(IV) species were formed in these systems, indicating an association between Tc(IV) and humic substances.
Introduction
The redox-sensitive fission product technetium-99 is of great interest in nuclear waste disposal studies because of its potential of contaminating the geosphere due to its very long half-life and high mobility. Under oxidising conditions, technetium is present as pertechnetate (TcO 4 − ), a highly soluble, anionic species, that does not sorb significantly on minerals or sediments [1] . Under suitable reducing conditions, and especially in the presence of a reducing solid phase, which acts as an electrondonor, TcO 4 − is reduced to probably Tc(IV). Because Tc(IV) is easily hydrolysed, a surface precipitate is formed [2] . Consequently, the solubility of Tc(IV) is very low. However, in presence of natural (mobile) organic matter, the solubility of reduced technetium may be en-*Author for correspondence.
(E-mail: andre.maes@agr.kuleuven.ac.be) hanced. Stalmans et al. [3] observed an association between technetium-99 and humic substances and proposed an interaction between TcO 2+ species and humic substances. On the other hand Sekine et al. [4] concluded from an indirect measurement that in presence of humic acids, Tc(III) species are formed and associate with the humic acids. However these experiments were done at low pH (pH = 4). Speciation calculations with the CHESS speciation programme (using the EQ3/6 database), shows the Tc 3+ species as the dominant species at pH = 4, sufficiently low redox potential and in absence of humic substances. At higher pH (higher than 4), Tc(IV) species are becoming more dominant. Hence, in neutral and alkaline environments, associations between Tc(IV) species and humic substances are more likely to occur, but experimental evidence is lacking.
The aim of the present contribution is to elucidate the valence state of reduced Tc in neutral to alkaline reducing environments, in the presence of humic substances. X-ray Absorption Near-Edge Spectroscopy (XANES) measurements were made to determine the valence state of Tc in solution and were combined with a newly developed La-precipitation method [5] to determine Tc in solution associated with humic substances. All measurements are made on very dilute supernatants relevant for natural conditions.
Experimental set-up
The geochemical behaviour of Tc in reducing conditions and its possible interaction with humic substances from the Gorleben sandy aquifer system (Germany) is studied. On the one hand, the natural situation was simplified by using different iron(II) containing solid phases (magnetite, pyrite and synthetic iron(II)sulphide) -necessary for the reduction of technetium-99 [2] -dispersed in synthetic and natural Gorleben groundwater. On the other hand, a more relevant mimic of the natural condition was studied by using natural Gorleben sand pre-equilibrated in natural Gorleben groundwater.
Minerals and humic substances
Magnetite (Fe 3 O 4 ) and pyrite (FeS 2 ) were purchased from a local mineral shop. Small sized fractions (< 125 µm) of the minerals were obtained by crushing and sieving the solids in a glovebox using an Agate mortar and pestle. Synthetic iron(II)sulphide (FeS, 100 mesh, 99.9% pure) was purchased from CERAC TM Incorporated. The mineral purity was verified by XRD.
Natural Gorleben groundwater (Gohy 2227) containing 160 mg/l organic matter and Gorleben sand from the potential disposal site at Gorleben, Germany, was used as supplied by Forschungszentrum Karlsruhe (Germany). Synthetic Gorleben Water (SGW), which is taken as representative for the inorganic composition of the Gorleben groundwater, is a slightly alkaline solution composed of 8 × 10 −3 M NaHCO 3 and 4 × 10 −2 M NaCl.
Technetium-99
Tc-99 was purchased from Amersham in a 0.1 M NH 4 OH aqueous solution. The TcO 4 − solutions used in the experiments were prepared by diluting aliquots of a stock solution (10 −2 M TcO 4 − ) in SGW.
Sample preparation
The reduction of pertechnetate was followed versus time by preparing sufficient duplicate samples as batch experiments. 100 mg of the selected minerals (magnetite, pyrite and ironsulphide) or 10 g of Gorleben Sand were weighted in polypropylene vials and 19 ml Synthetic Gorleben Water or original Gorleben groundwater (GoHy-2227) was added. After a pre-equilibration period (three days for the magnetite, pyrite, ironsulphide and 3 weeks for the Gorleben sand) 1 ml of a 99-TcO 4 − solution was added and the vials were shaken end-over-end for different time periods. The initial pertechnetate concentrations were 1.0 × 10 −4 M (Fe 3 O 4 and FeS), 1.2 × 10 −4 M Tc (FeS 2 ) and 2.9 × 10 −4 M (FeS 2 , Gorleben sand). The batch experiments were carried out at ambient temperature (22
• C) in a controlled atmosphere glovebox flushed with a mixture of N 2 (95%) and H 2 (5%) to minimise the intrusion of oxygen into the reaction vessels. The box atmosphere was circulated over a Ptcatalyst in order to remove excessive oxygen. The O 2 concentration in the glovebox throughout the experiments was below 2 ppm.
Speciation determination
To assess the speciation of Tc in solution, the samples were centrifuged (30 min, 39 191 g) and the supernatant was analysed by various methods: 1) Total Tc in solution was measured by Liquid Scintillation Counting (Packard 1600 CA Liquid Scintillation Analyser) using Packard Ultima Gold as scintillation cocktail. 2) Gel permeation chromatography was used to qualitatively identify Tc species associated with humic substances in solution and free Tc species. This was carried out by eluting a 1 ml sample aliquot over a glass column (30 × 1 cm), filled with Superdex 30 Prep Grade gel (Pharmacia Biotech). The eluent was a saline NaCl solution (0.15 M containing 0.002% NaN 3 to prevent microbial growth). The U.V.-absorbance (280 nm) was measured continuously and the collected fractions (1.5 ml)
were analysed by Liquid Scintillation Counting. This method however did not allow quantitative determination of the concentrations of the different Tc species, due to Tc and humic substance sorption on top of the column. 3) A method based on induced flocculation of organic matter and colloids with La 3+ was used to separate and concentrate Tc species in solution [5] . This new method is called the "La 3+ precipitation method" and is based on the observation that trivalent ions such as La 3+ , Eu 3+ and Al 3+ are able to precipitate organic matter and colloids in solution, based on the Schulze-Hardy rule. The method was originally developed to precipitate humic substances from the Boom Clay sediment [5] and works according to the following procedure: 0.01 N La(NO 3 ) 3 is added to an aliquot of the supernatant solution. The humic substances (and the associated Tc) precipitate during centrifugation (15 min, 39 191 g) and a clear solution is obtained (absorbance equal to zero). The Tc concentration in the supernatant after La precipitation corresponds to the sum of the TcO 4 − (which was tested not to be flocculated with La 3+ ) and (part of the) dissolved free Tc species. The concentration of Tc which is found in the centrifugate after La 3+ precipitation can correspond to Tc associated with humic substances or with inorganic colloids, or to finely dispersed Tc colloids or Tc precipitate, all of which co-precipitate with the flocculated material. 4) XANES measurements were performed on selected supernatants of the batch experiments (see Table 2 ). A sample containing, 10 −2 M TcO 4 − was used as a reference (Sample 1). From each of the selected batch systems, one supernatant was taken in the course of the reduction process and used for the XANES measurements. Small plastic vials (content: 0.7 ml) were filled with an aliquot of the selected supernatants and were sealed off and further placed in heat-sealed nitrogen-containing polyethylene bags to ensure containment during XANES data acquisition. All samples were transported in a nitrogen containing box. The technetium K -edge X-ray absorption spectra were collected at the Rossendorf beamline (ROBL) located at the bending-magnet port BM 20 at the European Synchrotron Radiation Facility (Grenoble, France). The monochromatic X-ray beam delivered to the sample positions is conditioned by two X-ray mirrors and a double-crystal monochromator (Si(111)) in between. Due to the very low Tc concentration, data were collected in fluorescence mode, using a quad-pixel Ge fluorescence detector. A minimum of 8 scans per sample was collected to improve data quality. All data were collected at ambient temperature. Molybdenum was used for energy calibration and was measured simultaneously with the samples.
Results

Pertechnetate reduction in absence of humic substances
According to literature [2, 6] , pertechnetate reduction is a slow process but is enhanced in presence of a reducing surface. For the three different surfaces (magnetite, pyrite Table 1 . Tc concentrations in the initial solution, the final supernatant solution and the supernatant solution after La precipitation in systems containing synthetic Gorleben groundwater in presence of three different surfaces (pyrite, magnetite and iron(II)sulphide) after 31 weeks of equilibrium time. and ironsulphide), the solubility of Tc in synthetic Gorleben groundwater is followed as a function of time.
A gradual decrease in the total Tc solution concentration with time is observed in all systems. All systems reached constant Tc concentration levels after 10 weeks of equilibration. Table 1 gives an overview of the initial and final total Tc concentration in solution, measured after 31 weeks equilibration time. The equilibrium Tc concentration ranged between 4.8 × 10 −7 and 1.32 × 10 −6 M. This decrease in Tc concentration in the supernatant solution after centrifugation is interpreted as a reduction of Tc(VII) to the much less soluble Tc(IV). Geochemical modelling indeed predicts the formation of a TcO 2 precipitate as the most important process under the experimental conditions.
Via gel permeation chromatography, it was possible to qualitatively separate the reduced Tc species from pertechnetate species. This is demonstrated in Fig. 1 (absence of humic substances): the first and second peak respectively corresponds to pertechnetate and reduced Tc species. But, it was not possible to quantitatively determine the relative amounts of the two species due to partial sorption of both Tc species on top of the column, resulting in a too low recovery (< 15%). No Tc(VII) was detected by GPC in the final equilibrium solutions.
Upon applying the La 3+ -precipitation method to the above systems, it was observed that Tc could be precipitated for more than 97% as is shown by comparing the data given in the 4 th ([Tc] final ) and 5 th ([Tc] after La precipitation ) column in Table 1 . Since it was verified that pertechnetate could not be precipitated with La 3+ , the precipitated Tc species must be in a lower oxidation state than +7. The Tc concentrations Fig. 1 . Gel permeation chromatograms of solutions containing different Tc species: pertechnetate (peak 1), reduced Tc species (peak 2) and reduced Tc species in presence of humic substances (peak 3). Supernatant solutions originating from systems where Tc was reduced in presence of pyrite in synthetic (absence of humic substances) and natural Gorleben groundwater (presence of humic substances).
given in the 5 th column (Tc after La precipitation ) are in the range of the expected Tc(IV) solubility (3 × 10 −8 M or 4 × 10 −9 M according to respectively EQ3/6 or NEA database) of the TcO 2 precipitate. The final Tc concentration (4 th column) observed in the supernatant solution after centrifugation (30 min, 39 191 g) are ascribed to the formation (from supersaturation) of Tc(IV) colloidal species or polynuclear Tc(IV) species. It is important to notice that the final amount of these colloidal Tc(IV) species was always less than 1% of the total initial Tc concentration in the studied systems. Fig. 2 shows the results of the interaction of pertechnetate added to the four different reducing solid phases but now in presence of humic substances. An equilibrium is reached in all cases. Concentrations in solution in the range of 4 × 10 −5 -10 −4 M are measured after 31 weeks equilibration time. Thus, the observed solubility is much higher (factor 100) compared with the previous results (when no humic substances were present). The differences between the two systems are only the absence versus presence of humic substances and since TcO 4 − is known not to interact with humic substances, this increased solubility is interpreted as an association between reduced Tc species and the dissolved humic substances.
Pertechnetate reduction in presence of humic substances
The formation of Tc species associated with humic substances compared to the reference systems without organic matter, was also qualitatively verified by gel permeation chromatography. The chromatogram (Fig. 1 , presence of humic substances) shows now a third Tc peak at the exact same place where high molecular humic substances elute. It was again not possible to quantitatively determine the relative amounts of the different species due to technetium and humic substance retention on the column. But also in these systems, after 31 weeks, no Tc(VII) could be detected in the supernatant solution. Fig. 2 also shows that the amount of Tc, which could be precipitated with La 3+ , gradually increases with time up to a given equilibrium Tc solution concentration. At equilibrium, La 3+ could precipitate more than 99% of all Tc in solution. This means that Tc is present as Tc(IV) inorganic colloids and/or Tc(IV) organic colloids, both of which are precipitated out. Thus less than 1% of the total Tc in solution was present as either TcO 4 − (not detectable by GPC) or Tc(IV) species not associated with inorganic organic colloids or not co-precipitated with inorganic and organic colloids in solution. The previous observations clearly demonstrate that in the presence of humic substances, a dramatic increase in Tc solubility is found in reducing conditions (neutral to alkaline pH) compared to the absence of humic substances, and that nearly all (99% from La precipitation) Tc species in solution are present as Tc(IV) colloids (from solubility experiments in absence of humic substances) and as Tc associated with the dissolved humic substances (from GPC). However the valence state of the Tc in the Tc-humic substance associates is still unknown and is further determined by XANES.
XANES measurements
Samples used for the XANES measurements were taken in the course of the reduction process and are indicated in Fig. 3 . The composition of the samples used for the XANES measurements is given in Table 2 . The individual reaction conditions (pH, total initial pertechnetate concentration and reaction time) as well as the final total Tc concentration and Tc concentration after La 3+ precipitation of the supernatant solution are given. A series of samples with varying pertechnetate and reduced Tc concentrations was thus analysed by XANES. A reference sample containing 10 −2 M pertechnetate (Sample 1) was also measured.
The raw data were pre-edge subtracted and further smoothed with spline estimation using Savitzky-Golay splines (with nurbs) and normalised at an energy level of 21 111 eV (see Fig. 3 ). At this level, the absorption values are not longer supposed to be influenced by the existence of other atoms around the central Tc atom. Fig. 3 shows the normalised XANES spectra for the six samples indicated in Table 2 .
The observed XANES spectrum of pertechnetate is shown in Fig. 3 (Sample 1) and agrees with published spectra [7, 8] . Typically, XANES spectra for pertechnetate always show 2 peaks. The first and small peak (so-called preedge absorption peak [8] ) is due to a "forbidden" 1s → 4d transition, but is frequently observed due to p orbital mixing with the final d state. The first inflection point of the preedge absorption peak for this reference Sample 1 was found at 21 047 eV.
Due to the non-centrosymmetric, tetrahedral pertechnetate anions, the aforementioned forbidden transition becomes more allowed. However, when pertechnetate is reduced to lower valence states, the formed species are no more in a tetrahedral geometry and hence, the preadsorption edge disappears [8] . Therefore the presence of the first peak at 21 047 eV in a spectrum from a sample containing technetium-99 is typical for the presence of pertechnetate in this sample.
The Tc concentrations in Samples 2 to 6 (see Table 1 ) were extremely low for X-ray absorption spectroscopy. Nevertheless, the obtained spectra could all be well analysed. Edge positions were determined using the first-derivative method. In Sample 6 the pertechnetate signature has completely vanished and an edge shift of 7.02 eV occurs. Almahamid et al. [7] found also an edge shift of around 7 eV corresponding to a reduction of Tc(VII) to Tc(IV). The Tcspecies in Sample 6 can therefore be interpreted as Tc(IV) species. According to the La 3+ -precipitation method result for Sample 6, more than 99% of the technetium present in solution is precipitated with the humic substances (see Table 1 ). Hence, it can be concluded from the XANES measurement and the previously mentioned results on pertechnetate reduction in absence and in presence of humic substances, that the overwhelming amount of Tc species in the humic rich supernatant solution are Tc(IV)-humic substance species. The exact nature of these Tc(IV) species is unknown. It may be monomeric TcO 2+ , TcO(OH) 2 or even polynuclear Tc(IV) species.
The other 4 samples show the main features present in both Samples 1 and 6. Indeed: 1) the main absorption edge lies in between Sample 1 and 6, and 2) the preedge absorption peak is decreasing compared with Sample 1. Assuming that only Tc(IV) species interact with humic substances and that unbound Tc left in solution is mainly unreduced pertechnetate, the spectra of Samples 2 to 5 were analysed as a binary mixture of Sample 1 and 6. The position of the main absorption edge has been taken as most important feature. Spectra from Sample 2 to 5 were fitted to obtain the correct main absorption edge, by combining spectra 1 and 6 in given amounts, independent of each other. The error on the fitted spectrum is calculated as the difference of the sum of the two relative amounts from 100. The results are shown in Table 3 and can be compared with the percentage Tc(IV) La precipitation calculated from the Tc speciation measured by the La 3+ -precipitation method (given in Table 2 ). The percentage Tc(IV) determined by XANES in Sample 2 till 5 is smaller than the percentage Tc(IV) La precipitation determined by chemical methods. The reason is at present unknown. At first sight slow oxidation during transport or measurement could explain the smaller values measured by XANES. However precautions were taken to avoid oxidation during transport (nitrogen container) and during measuring time (sealed nitrogen containing polyethylene bags surrounded the sealed Sample vials).
Conclusions
Pertechnetate was reduced in absence and presence of humic substances with the aid of different reducing surfaces. It was unequivocally demonstrated by a combination of chemical speciation methods (La-precipitation and GPC) and XANES, that Tc(IV) species were formed in absence and presence of humic substances and that Tc(IV) species interact with humic substances after reduction of pertechnetate (Tc(VII)). The exact nature of the interacting Tc(IV) species is unknown and can range from monomeric to polynuclear forms. These measurements are the first direct indications of the interaction between Tc(IV) species and humic substances in neutral to alkaline reducing environments, and are complementary to the observations of Tc(III) interaction with humic substances by Sekine et al. [4] in acid pH.
